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Abstract
We study the form factors of the ηc meson in the light-front quark model. We explicitly show
that the transition form factor of ηc → γ∗γ as a function of the momentum transfer is consistent
with the experimental data by the BaBar collaboration, while the decay constant of ηc is found to
be fηc = 230.5
+52.2
−61.0 and 303.6
+115.2
−116.4 MeV for ηc ∼ cc¯ by using two ηc → γγ decay widths of 5.3±0.5
and 7.2± 2.1 keV, given by Particle Data Group and Lattice QCD calculation, respectively.
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I. INTRODUCTION
A neutral meson decaying into two photons is the simplest exclusive process since there
is only one form factor involved. Experimental searches have been concentrated on the
transition form factors of P → γ∗γ (P = π0, η and η′), FPγ(Q2), in terms of the momentum
transferQ2. In particular, the anomalous result for the pion transition form factor of Fpiγ(Q
2)
at the large Q2 has been reported by the BaBar collaboration [1] in comparison with the
theoretical expectation [2] as well as the recent data by the Belle collaboration [3]. In
addition, the transition form factors of η, η′ → γ∗γ, i.e. Fηγ,η′γ(Q2), have also been measured
by BaBar [4, 5] in the regions up to 40 and 35 GeV2, respectively. These form factors as
functions of Q2 allow us to not only extract information on the meson wave functions, but
also check the pQCD predictions. Recently, we have studied the transition form factors of
FPγ(Q
2) at the large Q2 in the light-front quark model (LFQM) [6, 7] and shown that our
results can fit with all the data, including those at the large Q2 regions.
There is another interesting form factor, which is related to the ηc → γ∗γ transition.
The measurements on this form factor have been done by both L3 [8] and BaBar [9] Col-
laborations based on the process of e+e− → e+e−γ∗γ∗ → e+e−ηc in the range of Q2 from
2 to 50 GeV2. Since ηc is composed of two massive charm quarks, it is important to know
the behavior of the ηc → γ∗γ transition form factor at a high Q2 momentum transfer to
examine the validity of the pQCD calculations in this heavy meson as well as compare with
those of the light pseudoscalars. The transition form factor of Fηcγ(Q
2) has been investi-
gated by various QCD models [10]. In this paper, we study this form factor for Q2 up to 50
GeV2 in the LFQM. We will also simultaneously evaluate the ηc meson decay constant fηc .
This form factor is important for us to understand the pseudoscalar charmonium meson ηc.
Moreover, the precise knowledge of fηc can help us to examine other related processes, such
as B → ηcK.
By analogy with the π0γ and η(
′)γ cases, we use the light front approach based on the
simple meson wave function structure of QQ¯ (Q = u, d, s, c) pairs, constrained by the ex-
perimental measured decay width of ηc → γγ as well as the mass of ηc.
This paper is organized as follows. In Sec. II, we present the transition form factors for
QQ¯ → γ∗γ. In Sec. III, we show our numerical results on the transition form factor of
ηc → γ∗γ and the decay constant of ηc. We give our conclusions in Sec. IV.
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II. THE FORM FACTORS
To extract the transition form factor Fηcγ , we first write the decay amplitude of ηc → γ∗γ∗
as [11]
A(ηc → γ∗(q1, ǫ1) γ∗(q2, ǫ2)) = ie2Fηcγ(q21, q22) εµνρσ ǫµ1 ǫν2 qρ1 qσ2 , (1)
where Fηcγ(q
2
1, q
2
2) is a symmetric function under the interchange of q
2
1 and q
2
2 . The light
front approach [12, 13] provides a framework for the relativistic quark model in which a
consistent and relativistic treatment of quark spins and the center-of-mass motion can be
carried out. In this framework, we consider the meson wave function as a combination of
the QQ¯ Fock states. In the quark-flavor mixing scheme, the state of ηc can be parameterized
as [14]
|ηc〉 = −θc sin(φ− θy) |ψq〉 − θc cos(φ− θy) |ψs〉+ |ψc〉 , (2)
where θc,y and φ are the mixing angles and |ψq〉 = 1√2 |uu¯+dd¯〉, |ψs〉 = |ss¯〉 and |ψc〉 = |cc¯〉 in
the quark flavor basis. Consequently, Fηc(q
2
1, q
2
2) can be found by summing up the relevant
QQ¯ Fock states. From the quark-QQ¯ meson loops shown in Fig. 1, we get [6, 7]
p1 , Q p2 , Q
p3 , Q¯QQ¯ (P ) γ
∗(q2)
γ∗(q1)
(a)
p3 , Q¯ p2 , Q
p1 , QQQ¯ (P ) γ∗(q2)
γ∗(q1)
(b)
FIG. 1. Loop diagrams contributing to QQ¯→ γ∗γ∗.
A(QQ¯→ γ∗(q1) γ∗(q2)) = eQeQ¯Nc
∫
d4p3
(2π)4
ΛQQ¯
{
Tr
[
γ5
i(− 6p3 +mQ¯)
p23 −m2Q¯ + iǫ
6ǫ2 i( 6p2 +mQ)
p22 −m2Q + iǫ
× 6ǫ1 i( 6p1 +mQ)
p21 −m2Q + iǫ
]
+ (ǫ1 ↔ ǫ2 , q1 ↔ q2)
}
+( p1(3) ↔ p3(1) , mQ ↔ mQ¯) , (3)
where Nc is the number of colors, ΛQQ¯ is a vertex function related to the momentum distri-
bution amplitude of the QQ¯ Fock state, and mQ = mQ¯ is the Q-quark mass. In the LFQM,
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the amplitude can be solved in principle by the light-front QCD bound state equation [12].
Here, however, we chose phenomenological Gaussian type of the amplitude [6, 7, 13]. Sim-
ilar to the procedures in Refs. [6, 7], after integrating over p−3 and calculating the trace in
Eq. (3), we obtain the form factor FQQ¯(q
2
1, q
2
2) in Eq. (1) to be:
FQQ¯(q
2
1, q
2
2) = −
16
9
√
Nc
3
∫
dx d2k⊥
2 (2π)3
Φ
(
x, k2⊥
) 1
1− x
mQ + (1− x)mQk2⊥Θ
x(1− x)q22 −m2Q − k2⊥
+ (q2 ↔ q1) , (4)
with
Φ(x, k2⊥) =
√
x(1− x)
2M20
φQQ¯(x, k⊥) , Θ =
1
Φ(x, k2⊥)
dΦ(x, k2⊥)
dk2⊥
, (5)
where
M20 =
m2Q + k
2
⊥
x
+
m2Q + k
2
⊥
1− x ,
φQQ¯(x, k⊥) = N
√
dkz
dx
exp
(
−
~k2
2ω2
QQ¯
)
, (6)
with N = 4(π/ω2
QQ¯
)3/4, ~k = (k⊥, kz), kz = (x + 1/2)M0, and ωQQ¯ being the parameter
related to the physical size of a pseudoscalar state of QQ¯ in the wave function. If q21 ≡ Q2
and q22 = 0, i.e. one of the photons is on its mass shell, from Eq. (4) we derive
FQQ¯(Q
2) ≡ FQQ¯(Q2, 0)
= −16
9
√
Nc
3
∫
dx d2k⊥
2 (2π)3
Φ (x, k2⊥)
1− x
{
mQ + (1− z)mQk2⊥Θ
x(1− x)Q2 −m2Q − k2⊥
− mQ
m2Q + k
2
⊥
}
. (7)
Consequently, the transition form factor of Fηcγ can be found by
Fηcγ(Q
2) = −θc sin(φ− θy)Fqq¯(Q2)− θc cos(φ− θy)Fss¯(Q2) + Fcc¯(Q2) , (8)
with FQQ¯(Q
2) (Q = q, s, c) given in Eq. (7). The decay width of ηc → γγ is related to the
form factor of Fηcγ(Q
2 = 0) by
Γηc→2γ =
(4πα)2
64π
m3ηc |Fηcγ(0)|2 . (9)
Based on the experimental data of Γηc→2γ, from Eqs. (7)-(9) we can extract the free param-
eter in the meson wave function.
The decay constant of the ηc meson is defined by the matrix element
〈0|q¯γµγ5q|ηc(P )〉 = ifηcPµ. (10)
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Combining the above with Eq. (2), we obtain the decay constant of ηc to be
fηc = −θc sin(φ− θy)fqq¯ − θc cos(φ− θy)fss¯ + fcc¯ , (11)
where the explicit expressions of fQQ¯ (Q = q, s, c) are given by [7, 15]
fQQ¯ = 4
√
Nc√
2
∫
dx d2k⊥
2(2π)3
φQQ¯(x, k⊥)
mQ√
m2Q + k
2
⊥
. (12)
III. NUMERICAL RESULT
To numerically calculate the transition form factor of Fηcγ in Eq. (8), we need to specify
the parameters in the meson wave functions, in particular the meson scale parameters of ωQQ¯
in Eq. (6). From Eq. (9), Fηcγ(0) can be fixed by Γηc→2γ, which can be used to determine
the value of ωcc¯. Note that the scale parameters of ωqq¯,ss¯ can be found in Refs. [6, 7]. In
our calculations, we use mηc = 2981.0± 1.1 MeV [16] and two inputs for the decay width of
ηc → γγ:
5.3± 0.5 keV (I) and 7.2± 2.1 keV (II) , (13)
given by Particle Data Group (PDG) [16] and Lattice QCD prediction [18], which lead to
|Fηcγ(0)| = 0.069± 0.003 GeV−1 (I) and 0.081± 0.011 GeV−1 (II) , (14)
respectively. The mixing angles have beed studied in Ref. [14]. To illustrate the effects of
the mixings, we take
(a) (θc, θy, φ) = (−1.0◦,−21.2◦, 39.3◦) ,
(b) (θc, θy, φ) = (−0.9◦,−21.2◦, 42.0◦) ,
(c) (θc, θy, φ) = (0
◦,−,−) . (15)
We note that the case (a) corresponds the center values used in Ref. [14], while the case
(c) represents that ηc is a pure cc¯ state. We also note that there is no other free parameter
to adjust the light front wave function of cc¯. Now, we can fit the parameter of ωcc¯ from
Eqs. (7) and (8) with q2 = 0 and a given charm quark mass. In the MS scheme, one has
that m¯c(m¯c) = 1.29
+0.05
−0.11 GeV [16]. However, at the higher order in QCD, the center value is
enhanced, while the range of the pole charm quark mass is even border [17]. In our numerical
calculation, mc is a free input parameter.
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FIG. 2. |Fηcγ(Q2)/Fηcγ(0)| as a function of Q2 in the LFQM, where the bands for LFQM
I and II correspond to the calculations based on Γηc→γγ given by PDG [16] and Lattice QCD
calculations [18], respectively, while the stars represent the experimental data by the BaBar col-
laboration [9].
In Fig. 2, we show the numerical results for Fηcγ(q
2)/Fηcγ(0) in the LFQM for the first
set of the mixing angles in Eq. (15), where I and II represent the two inputs of Γηc→γγ in
Eq. (13), respectively. From the figure, we see that both predictions in the LFQM I and II
are consistent with the BaBar experimental data even though they are about 10% smaller
than the data points in the range (7.5∼20) GeV. We remark that our results do not change
much for the other sets of the mixing angles in Eq. (15). As an illustration, we can also fit
the result of the LFQM I by a double pole form
Fηcγ(Q
2)
Fηcγ(0)
=
1
1 + (Q/α)2 − (Q/β)4 (16)
where α = 2.2 and β = 4.7 in GeV and we have ignored the errors for the input parameters.
Apart from the transition form factor, from the fitted values of the meson scale parameters
of ωQQ¯ and Eq. (12), we can simultaneously determine the range of the ηc decay constant
fηc . Our results on fηc with different sets of the mixing angles in Eq. (15) and the two
inputs of (I) and (II) on Γηc→2γ in Eq. (13) as well as the experimental data from the CLEO
collaboration [19] and the Lattice QCD prediction [18] are summarized in Table. I. From
the table, we see that our results of fηc from the LFQM I are smaller than those from the
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TABLE I. The ηc decay constant fηc in the LFQM with three sets of the mixing angles in Eq. (15)
and two input parameters in Eq. (13), given by PDG [16] and Lattice QCD [18], respectively.
Γηc→2γ (keV) fηc (MeV)
LFQM I 5.3± 0.5 [16] (a) 194.0+33.3−47.0 , (b) 196.9+33.7−44.0, (c) 230.5+52.2−61.0
LFQM II 7.2± 2.1 [18] (a) 243.6+127.5−84.4 , (b) 249.2+143.2−84.4 , (c) 303.6+115.2−116.4
Lattice QCQ [18] 7.2± 2.1 [18] 394.7 ± 2.4
CLEO [19] - 335± 52± 47± 12± 25
LFQM II due to the use of a smaller decay width of ηc → γγ. We note that the center values
of our results on fηc in Table I correspond to the use of mc = 1.29 GeV. It is clear that
in order to match the experimental result in the CLEO collaboration [19] and the Lattice
QCD value [18], a smaller mixing case with a larger mc is favored. We emphasize that our
predictions for fηc are sensitive to the charm quark mass mc. In Fig. 3, we show the charm
quark mass dependence for the ηc decay constant in the non-mixing case (c) in Eq. (15).
From the figure, we observe that to fit the CLEO data [19] or the Lattice QCD value [18],
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FIG. 3. ηc decay constant (fηc) as a function of mc in the LFQM without the mixing, i.e. θc = 0.
a large value of mc is needed.
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IV. CONCLUSIONS
We have studied the transition form factor of ηc → γ∗γ and the decay constant of the ηc
meson in the LFQM. In particular, we have illustrated the transition form factor of ηc → γ∗γ
as a function of the momentum transfer Q2. We have shown that although our results are
consistent with the experimental data by the BaBar collaboration, they are about 10%
smaller than the data points for Q2 in the range of 7.5∼20 GeV. We have also evaluated
the decay constant of ηc. We have shown that it is sensitive to the mixing angles as well
as the mass of the charm quark. Explicitly, for ηc ∼ cc¯, i.e. a pure cc¯ state (θc = 0),
we have found that fηc = 230.5
+52.2
−61.0 and 303.6
+115.2
−116.4 MeV in the LFQM I and II based on
the two sets of input parameters, Γηc→γγ = 5.3 ± 0.5 and 7.2 ± 2.1 keV, given by Particle
Data Group and Lattice QCD calculation, respectively. Both results are within the error of
335± 52± 47± 12± 25 MeV measured by the CLEO collaboration, but they are somewhat
smaller than 394.7 ± 2.4 MeV predicted by the Lattice QCD, in which Γηc→γγ = 7.2 ± 2.1
keV is used like the LFQM II. However, the Lattice QCD result can easily be accounted
when a larger value of the charm quark mass is used. Future precision measurements on the
decay width of ηc → γγ are clearly needed in order to determine the ηc decay constant in
the LFQM.
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